A stable, readily constructable thermocouple probe has been developed for determining absolute sound levels in ultrasonic fields in liquid media. This paper includes criteria for design of such probes •nd a discussion of experimental measurements made with such a device.
I. INTRODUCTION
A HIGHLY stable, small, and readily construct•ble ultrasonic probe suitable for determining the absolute sound intensity in liquid media is described. It consists of a wire thermocouple imbedded in a sound absorbing medium which closely matches the liquid medium in density and sound velocity. To use the probe the transducer, which generates the acoustic field, is excited to generate sound at the desired frequency in the form of pulses with a rectangular envelope. The initial time rate of change of the temperature at the thermocouple junction is determined by measurements made with a suitable detector in electrical connection with the thermocouple. In addition to the measurement of the temperature change at the junction immediately after initiation of the-acoustic disturbance the calculation of the absolute sound intensity requires only a knowledge of the acoustic absorption coefficient of the imbedding material and its heat capacity per unit volume at the temperature at which the measurements are made.
The temperature rise immediately after initiation of the acoustic disturbance can be separated into two components; one resulting from the action of the viscous forces between the wires of the thermocouple and the imbedding fluid medium and the other resulting from the absorption of sound in the interior of the absorbing medium. The component resulting from absorption is used in the calculation of the absolute sound intensity. Other investigators have used acoustic probes consisting of a temperature sensitive element imbedded in a sound absorbing medium • and have used the equilibrium temperature rise indicated by the temperature sensitive element as a measure of the sound level. Such probes are usually calibrated in a sound field of known level, if they are to be used for absolute level determination, since, the equilibrium temperature is critically dependent on the geometry and size of such a device. The principle of operation of the probe described in this paper eliminates the difficulties inherent in using the equilibrium temperature rise as an indication of the sound intensity.
It is a consequence of this method that, if the sound intensity at a thermocouple junction imbedded in a material is known, the absorption coefficient of the material can be obtained. Furthermore it makes possible the determination of acoustic absorption coefficients of minute quantities of material. The method, therefore, is especially useful in the study of biological systems. TM
The determination of the absolute sound intensity by the method described herein has been compared with a radiation pressure evaluation. The results obtained by the two methods agree within the experimental uncertainty of the measurements. We have used thermocouple probes of the type described both to determine absolute sound levels and for routine checking of the acoustic output of focusing irradiators operating at a frequency of one megacycle. This type of probe has some undesirable characteristics. The sensitivity is not high when the temperature sensitive element is a thermocouple constructed from metals most readily available in wire form. In addition it is not useful for measurements in sound fields in which a number of frequencies coexist.
II. PROBE DESIGN

A. Qualitative Description
A probe design which has been found satisfactory for use in determining absolute sound levels and beam shapes of acoustic fields set up in water or various salt solutions by focusing irradiators (operating in the one megacycle region of the frequency spectrum) in use in this laboratory is illustrated schematically in Fig. 1 . The thermocouple junction is imbedded in a sound absorbing medium (a thin disk of Bakers DB brand castor oil) which acts as the acoustic absorbing material. The oil is separated from the medium in which the sound field is to be studied by thin polyethylene sheets (0.003 in. in thickness). In practice, the orientation of the probe has been such that the direction of propagation of the sound is at an angle of approximately 90 ø with respect to the direction of the wire. This direction of propagation is desirable since the metal wires have been observed for some configurations and wire sizes to conduct sound to the region of the junction. This effect has only been observed in narrow ranges of angles of incidence considerably different from normal incidence. occurs just after initiation of the disturbance. This is followed by an almost linear rise for the remainder of the pulse. After cessation of the sound a rapid fall in temperature occurs followed by a slow return of the temperature to its value preceding the disturbance. The initial rapid increase in temperature results from the conversion of acoustic energy into heat by the viscous forces acting between the wire and the fluid medium. This phase of the temperature events approaches equilibrium rapidly, the rise time in Another feature of this type of probe which follows from the above description of the components of the response curve is that the recorded response curve on a single acoustic pulse in a single location might be used to determine the acoustic pressure amplitude and also the magnitude of the particle velocity if the direction of the velocity is known, and if the first phase of the response characteristic has been previously related quantitatively to particle velocity by experimental measurement in a pure traveling wave field.
In designing a probe of the type described herein we first note that it is, of course, desirable to choose an absorbing material for the imbedding medium which closely matches in velocity and density the corresponding quantities characterizing the medium in 
where To designates the temperature of the absorbing medium before irradiation and t designates the duration of the acoustic pulse. This formula applies only if 
where Q• is the heat generated per second per unit length of wire by the viscous forces, ro is the radius of the wire and re is a quantity which is dependent upon the particle velocity distribution within the sound beam. K designates the heat conductivity coefficient of the absorbing medium. For a focused beam with the junction positioned at the central maximum, r2 can conveniently be taken equal to one-half the beam width at an intensity approximately 0.8 of the peak intensity.
If the wire is oriented transverse to the direction of the particle velocity the quantity Q, is given by (52) and (57) in conjunction with Table I all of the theoretical paper. For a wire oriented along the direction of the particle velocity expressions (68) and (71) and Table  II 
III. EXPERIMENTAL MEASUREMENTS
In this section we present quantitative measurements of absolute sound level (or acoustic absorption coefficient) obtained by using a thermocouple probe in the manner outlined above, i.e., by determining the init/al t/me rate of change of temperature of the medium in which the thermocouple is imbedded when the medium is subjected to a pulse of acoustic radiation with a rectangular envelope. Comparison of the results with radiation pressure measurements is also included The acoustic absorption coefficient for castor oil is markedly dependent on the temperature. In practice, therefore, when this material is used, it is necessary to determine the temperature of the probe at the time that measurements in the sound field are made. Accurate values of the absorption coefficient of the absorbing material as a function of temperature must be available in order to use this method. Of course, ff an accurate value is available at only one temperature one might adjust the temperature of the bath in which the probe is immersed for the purpose of making measurements. Dr. T. F. Hueter has been kind enough to have ultrasonic absorption coefficient measurements made using the pulse technique at several frequencies and at two temperatures on the particular shipment of castor oil (Baker's DB Brand) that we have used in our thermocouple probes. These data 5 indicate that, in general, the ratio of absorption coefficients at two different temperatures is not equal to the ratio of the shear viscosity coefficients at the two temperatures.
We consider now a typical determination of the absolute sound level at a frequency of 980 kc using a copper-constantan thermocouple (wire diameter given above) probe operating at a base temperature of 25øC. The probe is placed in the center of the focal region of a transducer whose intensity beam pattern in this The second phase of the deflection records, which is the result of temperature changes caused by absorption in the body of the medium, can readily yield the absolute sound level. One procedure is to attempt to obtain the tinae rate of change of deflection of the galvanometer at the time of initiation of the acoustic disturbance. The linear portion of the curve just following the initial rapid rise furnishes us with an estimate for this quantity. However, it is difficult to decide when the contribution of the first phase to the deflection can be neglected just after the initial rapid rise. In practice, a better procedure is to determine the slope of the second phase at a later time. For the records given in Fig. 4 It is convenient in practice, when using a probegalvanometer system of the type used in this laboratory, to define also a sensitivity for the probe-galvanometer system as: watts/cm • to obtain a one centimeter deflection of the galvanometer for a one second pulse of radiation. Frequency and base temperature are also specified. From the graph, Fig. 6 , and the specific value of intensity calculated above using the graph of Fig. 5 , we note that the probe has a sensitivity as just defined of 21.7 watts/cm • to obtain a one centimeter deflection with a one second pulse of radiation, at a base temperature of the probe of 25.0øC and a frequency of 980 kc. It would, of course, be highIy desirable to have a probe of this type whose sensitivity is relatively independent of the base temperature. Other materials may be more suitable than castor oil in this respect.
The numerical value just quoted for the sensitivity of the probe, which was obtained by calculation based on the absorption coefficient, will be compared with a value for the same quantity obtained by inserting the probe into a position in a sound field where the sound intensity has been determined by radiation pressure measurements. The radiation pressure measurements were made following the method described by other investigators. 6 To obtain a value for the sensitivity based on radiation pressure measurements one reads the rf voltage across the transducer for a one centimeter deflection of the galvanometer across the probe. Then, from the measured values of radiation pressure as a function of transducer driving voltage, one can compute the acoustic intensity as a function of the voltage. The intensity corresponding to a driving voltage which yields a one centimeter deflection of the thermocouple probe-galvanometer system is then immediately available. Several determinations of the sensitivity of probe No. 1 by the radiation pressure method were made over a period of months. The average of these determinations (T: 25.0øC) is 22.5 watts/cm • to obtain a one centimeter deflection with a pulse length of 1.00 sec. This is to be compared with the value 21.7 watts/cm 2 computed above on the basis of the acoustic absorption coefficient. The two values differ by less than 4 percent, the value obtained from radiation pressure measurements being kigher.
If the absolute sound intensity is known at the position of a thermocouple junction imbedded in a medium subjected to an acoustic disturbance, the absorption coefficient can be computed from measurements of the type just described. It is, of course, necessary to take into account the probe design criteria discussed in detail in the theoretical paper in order to estimate the degree of accuracy of values of the absorption coefficient • computed on the basis of relation (1). This method of determining absorption coefficients has the great advantage of requiring only a small amount of the material. This is extremely useful in studying biological systems. A thermocouple probe similar to the one used to obtain results presented above and operated within the linear range was compared with a small BaTiOn probe and with a radiation pressure detector utilizing a small ball (0.062 in. in diameter) from the viewpoint of determining field distributions. For this purpose, the focusing transducer referred to previously in this paper was used to generate sound pulses of one second duration. The thermocouple probe was placed in the focal region of the field with the thermocouple direction at right angles to the direction of propagation. In order to determine the accuracy of field distributions determined by the total deflection of the galvanometer across the thermocouple probe two types of tests were performed.
First, the beam distribution in a radial direction perpendicular to the direction of propagation was determined by moving the probe from one point to the next parallel to the direction of the thermocouple wires (in the neighborhood of the junction) and then by moving it in a direction at right angles to the wire 
